Introduction
Several authors have predicted permeability of shales either through laboratory measurements and or from field data using various empirical relations. A critical literature review by Mondol et al., (2008) on available permeability models, concluded that none of the existing models is ideal and all need to be calibrated and validated through a much larger permeability database of well-characterized mudstones. His results on smectite and kaolinite aggregates suggest that the permeability of smectitic clays may be up to five orders of magnitude lower than that of kaolinitic clays with the same porosity, density, velocity or rock mechanical properties. Mari et al., (2011) described a methodology for obtaining a permeability log based on acoustic velocities V p and V s , porosity φ, P-wave attenuation and frequency, their calculation of the specific surface S of the formation was based on the relationship between porosity φ, V p /V s and S proposed by Fabricius et al. (2007) . Fabricius (2011) indicate that pore radius and thus permeability of shale in the depth interval of mechanical compaction may be predicted from porosity and sonic velocity. In this work we are presenting the empirical equations developed from experimental data that can be used to predict pore radius and permeability of shale from sonic velocity data measured in the field.
Method and Theory
Experimental data from Cenozoic and Jurassic shale of Skjold Flank-1 well (Mbia et al., 2011) and that of kaolinite and smectite aggregates (Mondol et al., 2007) were used. The experimental data used includes porosity φ, BET specific surface, grain density ρ g and sonic velocities (Vp and Vs). Those of Mondol et al., (2007) are given for mixtures of kaolinite or smectite and brine. Bulk density, ρ, for each data point was calculated from φ, ρ g , and ρ fl .
Elastic compressional modulus, M, was calculated as:
Elastic shear modulus, G, was calculated as:
Elastic bulk modulus, K, was as calculated as:
For modeling pore radius, we need information on φ, ρ g , and on specific surface, S s of the solid.
The pore radius, r, is approximated by:
Where S p is the specific surface relative to pore space.
The calculated pore radius r, eqn. (5) together with the moduli eqn. (2) to (4), (Fig. 2a, 2c & 2e) were used to compute the following empirical equations which can predict pore radius r, directly from acoustic data (Fig. 2b, 2d & 2f) .
r M = 9 x 10 -9 +3.3E-6.77M 
were moduli are given in GPa and r M , is pore radius from compressional modulus, r G, from shear modulus and r K from bulk modulus.
Permeabilities, k (Fig. 2) , were modeled by using eqn. (6) to (8) and Kozeny's relation so that we will have eqn. (9) to (11) as follows:
Where, c is Koenig's constant and φ is porosity.
Results
Experimental data from Cenozoic and Jurassic shale's of Scold Flank-1 well (Mbia et al., 2011) and that of gadolinite and steatite aggregates (Mongol et al, 2007) were used to calculate compression modulus which vary from 4 to 40 Gap, shear modulus (0.1 -8 Gap) and bulk modulus (4 -35 Gap) and pore radius from BET, porosity and grain density (1E-09 -1E-07 m). The cross plots of elastic module versus pore radius (Fig. 2. ) were used to derived the empirical equations which can be used to predict pore radius and permeability from field data. The cross plots (Fig. 2a, 2c & 2e) show that gadolinite, steatite and Cenozoic (containing gadolinite, interlayer illite/Smectite) blend together with very low elastic moduli and corresponding large pore radius. This is because Cenozoic shale including kaolinite and smectite aggregates are not cemented and in the mechanical compaction zone. The Jurassic samples at greater depth show very high elastic moduli with corresponding small pore radius. The high elastic moduli and small pore radius may indicate that this material has undergone some degree of cementation under chemical compaction. The predicted pore radius from compressional and bulk moduli anyway fits very well in linear scale ( 5% difference in some few data points) with that calculated from measured BET specific surface, grain density and porosity ( Fig. 2b & 2f) but that predicted from shear modulus shows some degree of scattering at higher values.
The empirical equations were used to derive permeability log from field data ( Fig. 1 ) and the predicted permeability matched each other very well and shows the same depth trend from Cenozoic to Jurassic shale for the three equations. The predicted permeability for Cenozoic shale varies from 0.5 to 10 µD while that of Jurassic shale vary from 0.0001 to 0.5 µD. It implies that one can use compressional or shear velocity to predict pore radius and thus permeability. 
Conclusions
The empirical equations developed (eqn. 6 -11) can be applied to field data to predict pore radius and permeability of shale in the depth interval of mechanical compaction and will give a fair estimate in shale that have underdone degree of cementation at greater depth.
This result is very important for field applications and can be very useful for CO 2 storage and for other engineering applications. It should be noted that in order to validate these findings more experimental work is needed to be done on extensive shale samples from different locations.
